A novel, highly selective, low profile dual-band, and bandpass miniaturized-element frequency selective surface is proposed to realize stable angular responses and a controllable transmission zero. This FSS is a three-layer structure consisting of three metal layers that are separated from each other by two dielectric substrates. The equivalent circuit model of the FSS and its operating principle are presented and analyzed based on the microwave filter theory. The prototype of this FSS is simulated, fabricated, and measured, and its theoretical analysis, simulation, and measurement results show a good agreement. This FSS has achieved an excellent angular stability and wide out-of-band rejection performance in the scope of incidence angle of 80 degrees. Compared with the other multilayered FSSs and 3D FSSs proposed in previous works, it possesses a lower profile as well as a smaller size. A transmission zero is produced by etching slots on the edges of the middle metal layer to achieve superior frequency selectivity. By properly choosing the size and direction of the slots, the transmission zero and the polarization selectivity are able to be changed, respectively.
Introduction
Frequency selective surfaces (FSSs) are two-dimensional periodic structures that are composed of periodically arranged patches or aperture elements. They can act as spatial filters which have a selective effect on the incident angle, polarization, and frequency of EM waves [1] . Frequency selective surfaces have been employed in a wide range of applications including radar radomes [2] , RCS reduction of an antenna array [3] , transmission or reflection of EM waves at different frequencies as reflectors [4] [5] [6] , polarization converter [7] , and microwave absorber [8, 9] . With the rapid development of radars and wireless communicating technologies, there has been an increasing demand for a miniaturized dual-band frequency selective surface in modern communication systems [10] . The main methods used to design dual-band frequency selective surfaces are perturbation technique [11, 12] , fractal technology [13] , combination technology [14] , complementary technology [15] , multilayered technology [16] [17] [18] [19] [20] [21] , and 3D FSS [22] [23] [24] [25] [26] . The perturbation technique is a mean of increasing the perturbation between cells or units to convert a single band frequency selective surface into a dual-band surface. Fractal technology is utilized to realize multiband frequency resonance by the self-similarities of elements. Combination technique is to etch different patterns on one element. The complementary method is to etch complementary patterns on both sides of a dielectric substrate. These surfaces are advantageous owing to lower profile and a simpler fabrication. The high-frequency band, however, has a null modal interaction and a grating lobe with a growing incident angle. Also, its selectivity is somewhat low. Recently, multilayered FSSs and 3D FSSs have been utilized to overcome the shortcomings of single-layered FSS structures. In [22] , a 3D FSS has been proposed to obtain the performance of a triband bandpass performance. The unit cell size and the thickness of the FSS are 0.1 × 0.08 and 0.09 . Li and Shen have proposed a 3D FSS with the unit cell size and the thickness of 0.06 × 0.045 × 0.083 to obtain a stable dual-band bandpass performance in [23] . Though a 3D FSS exhibits fair performances, its structure is usually more complicated than that of a traditional 2D FSS. Particularly, what should be noticed is that the profile is thick. To realize highly selective FSS with wide out-of-band rejection behaviors, some multilayered FSSs have been studied. Despite the triband FSS presented in [14] , the circular aperture coupled FSS in [15] and the dual-band FSS proposed by [16] have demonstrated a high selectivity and a wide out-of-band rejection. The profile is thick, and the unit size is large. In [17] , a dual-band FSS with high selectivity is presented, but a modal interaction null has occurred in the high-frequency band when the incident angle increases. A dual-band FSS based on the inductance couple proposed in [19] had a satisfactory performance of selectivity and angular stability. But its insertion loss is high due to the high dielectric constant substrate. In this paper, a dual-band bandpass miniaturized FSS with a highly selective performance and low profile is presented, which is capable of achieving a better angular stability and out-of-band rejection with the incident angle of TE and TM polarization scanning from 0 to 60 degrees. The unit cell size of the proposed design is 0.089 × 0.089 , with the overall thickness being 0.014 , where is the free space wavelength of resonance frequency in the lower frequency band. A transmission zero is introduced by etching slots in the middle layer. A polarization selective surface is to be obtained by etching slots in one direction only. The operating principle, designing process, and the measurement results of the proposed FSS are presented and discussed in this paper. An FSS behaves as either a series or parallel RLC circuit, depending on its filtering characteristics [18, 27] . Figure 2 shows the equivalent circuit model of the proposed FSS which provides more insight into the FSS response. In particular, it helps to understand the tuning mechanism of the transmission zero. The equivalent circuit model of this dual-band FSS is illustrated in Figure 2 , which is valid for the incident EM wave of vertical polarization along the direction. The patches on the top layer and on the bottom layer in the circuit model are modelled with parallel capacitors of 2 and 3 , which are proportional to the length of the patch and inversely proportional to the gap between the adjacent elements, respectively. The intermediate metal layer acts in the manner of a hybrid resonator composed of 1 , 1 , and as shown in the middle part of Figure 2 . 1 denotes the equivalent inductance of the thin wire with the length 0 and a width of 0 . The convoluted cross dipole aperture with the length and width acts as a capacitor 1 . The inductance denotes the inductance of the metal patches in the corner of the middle metal layer. The dielectric substrates, sandwiched between the metal layers, are equivalent to short transmission lines. Its impedance is = 0 /√ , where 0 = 377 Ω is the wave impedance in free space and is the relative permittivity of the dielectric substrate.
Operating Principle and Design Procedure
It is evident that when the hybrid resonator resonates, a transmission zero and a transmission pole are produced at the resonant frequencies 1 and 01 . The capacitances 2 and 3 and the inductance produce a resonant frequency 02 by coupling with the dielectric substrates.
To better illustrate the working principle of the dual-band FSS, the circuit in Figure 2 is divided into two parts. One part is the hybrid resonator which determines the low-frequency passband, and the other part which determines the highfrequency passband is shown in Figure 3 (a).
The equivalent circuit in Figure 3 (a) is simplified to the circuit shown in Figure 3 (b), the transmission lines in which are replaced with their equivalent circuit model composed of a series inductor and a shunt capacitor. This circuit is a second-order coupled-resonator bandpass filter. A classic second-order coupled-resonator bandpass filter can be achieved by converting the -network composed of inductors 1 , 2 , and in Figure 3 (b) to a -network composed of inductors 2 , , and 3 as shown in Figure 3 (c) [28] .
The resonant frequencies are expressed as
(1)
Design Procedure of the Proposed Dual-Band FSS.
The design process of the FSS is based on the circuit model in Figures 2 and 3 to synthesize the desired filter response and then calculate the geometric parameters from the parameters of the circuit. The equivalent circuit in Figure 3 is analyzed and calculated by the method presented in [29] . The center frequency of the high-frequency passband 02 and the value of the fractional bandwidth have been specified first, , and then all the equivalent parameters in Figure 2 are determined. What follows is the detailed design process. Inductors 1 , 2 , and in Figure 3 (b) can be calculated by the following equations:
where 1 and 2 are normalized source and load impedance, 1 and 2 are normalized loaded quality factors of the resonators, and 12 is the coupling coefficient between the two resonators. All these parameters listed in Table 1 are determined by the 4 International Journal of Antennas and Propagation desired response type provided in [30] . The equivalent inductance and capacitance of transmission lines are calculated by the following equations presented in [30] :
where = 1,2, ℎ is the length of transmission line (the thickness of dielectric substrate), and 0 and 0 are permittivity and permeability in free space, while and are relative permittivity and permeability of the dielectric substrate. Subsequently, the capacitances are calculated as follows:
Based on the formulas mentioned above, the parameters in Figure 2 can be obtained. In summary, the synthesis procedure of the proposed dual-band FSS can be simplified as follows.
(1) With the given center frequency 02 , fractional bandwidth , and the response type, inductors 1 , 2 , and can be calculated using (2). (2) Then we can obtain 2 and 3 using (3)-(4b).
(3) Based on the given transmission zero and poles ( 1 and 01 ), we can calculate 1 and 1 using (1).
The next step is to map the equivalent parameters in Figure 2 to the geometric parameters of the dual-band FSS in Figure 1 . The initial values of dimensions of the unit cell can be calculated using the formulas in [29, [31] [32] [33] . The following equations give the relations between geometrical parameters of the dual-band FSS and circuit parameters.
where represents the operating wavelength of each passband, is the incident angle, and is the total length of the convoluted cross dipole aperture in the middle layer. The factor eff = 0.5( + 1) is the effective dielectric permittivity. Factor stands for the normalized inductance or capacitance of the strip grating which has been summarized in [31] ( , , , ) = [ln csc ( 2 ) + ( , , , )] , (6) where is the correction term. It is important to note that the values calculated from (1) to (6) are approximate values. These values are used as the initial values to tune the dimensions using CST-MWS to obtain the desired filtering response. the substrate. The values of circuit elements must be tuned in order to regain the desired filter response. The optimized values of the circuit parameters as well as the optimized geometric parameters using CST-MWS are listed in Table 1 . Figure 4(a) shows the transmission and reflection coefficients of the dual-band FSS simulated in CST alongside the frequency response calculated by the equivalent circuit model in Figure 2 . A decent agreement between the two results is observed. It is seen that a dual-band response around 01 = 2.82 GHz and 02 = 7.82 GHz has been achieved. A transmission zero 1 = 4.17 GHz is obtained, which improves the selectivity of the proposed FSS. As observed, the bandwidth calculated by ADS is narrower than that calculated by CST, which is attributed to the effect of the dielectric substrate. The coupling effect between the square metal patches and the middle metal layer produces a transmission zero at 9.89 GHz. The influence is ignored in circuit analysis. The FSS response is affected by not only its geometry but also the incident angle and the polarization of EM wave. Figure 4(b) shows the response that stays stable under different polarization and exhibits wide out-of-band rejection. The unit size is 0.089 × 0.089 and the thickness is 0.014 . Compared with the multilayer FSSs and 3D FSSs presented in previous works, the proposed FSS exhibits smaller element size and lower profile. It also achieves a good performance of angular stability. The comparison results are listed in Table 2 . Figure 5 shows the results of transmission coefficients, which are relatively stable for TE and TM polarization when the incident angle is changing from 0 ∘ to 60 ∘ . There is no modal interaction null in the high-frequency band. As observed, for TE polarization, the bandwidth decreases with the increase of the incident angle, while the TM polarization is the opposite. The observed changes can be illustrated by the variation of wave impedance [38] . In the case of TE polarization, the wave impedance ( TE = 0 / cos ) increases with the increase of the incident angle, and then the quality factor of the filter's resonator decreases, which causes the reduction of the bandwidth of resonator. For TM polarization, the wave impedance ( TM = 0 cos ) decreases with the increase of the incident angle, which causes the decreasing of the quality factor of filter's resonator, and the bandwidth of the FSS is broadened.
Simulation and Experimental Verification

Controllable
Mechanism. The geometry parameters of the dual-band FSS directly affect the characteristics of transmission. Figure 6 shows the results of the dual-band FSS with respect to different lengths of the slots. The transmission zero shifts to a lower frequency when the length increases. When 0 = 0 mm, the structure has no slots as shown in Figure 6 . In this case, there is no transmission zero between the two passbands. The transmission zero 1 reduces from 5.66 GHz to 4.07 GHz when 0 increased from 4.8 mm to 7.2 mm. It can be concluded that etching slots are effective in improving the characteristics of frequency selectivity and miniaturization.
A polarization selective surface is going to be obtained when the length of slots in horizontal and vertical directions is different, as shown in Figure 7 . For TE polarization, there is a transmission zero between the two passbands when slots are etched horizontally, while there is no transmission zero for TM polarization and vice versa. Figure 8 shows the transmission characteristics of the dual-band FSS with respect to different lengths of patches. The high-frequency band will shift to a lower frequency when the length increased. In the circuit model, 2 and 3 are 6 International Journal of Antennas and Propagation proportional to the length and are inversely proportional to the gap . Therefore, the resonant frequency 02 has reduced from 8.75 GHz to 6.35 GHz when the length increased from 7 mm to 9 mm.
Experimental
Results. The performance of the high selectivity dual-band FSS is experimentally verified by fabricating a prototype with 26 × 26 elements and measuring the frequency response using a free space measurement setup. The size of the prototype is 247 mm × 247 mm. The thickness of the RO4350B substrate is 0.762 mm. The two substrates are thermally compressed together with a bonding film (S7116) with a thickness of 0.127 mm in between them. Figure 9 shows the photographs of FSS and the measurement setup. Figure 10 compares the measured results of the dual-band FSS and the simulation results. As observed, the FSS has two passbands around 2.82 GHz and 7.82 GHz and the simulation results agree with the measurement results fairly well. Furthermore, the frequency response of the dual-band FSS at different incident angles is also examined as shown in Figure 11 . The frequency response is relatively stable for both TE and TM polarization for incident angles within the range of 0-60 degrees. The discrepancy between the simulated and measured results is mainly attributed to the effect of bonding film. It also increases the insertion loss in all operating bands.
Conclusions
In this paper, a novel, highly selective, low profile, dual-band frequency selective surface with a controllable transmission zero is proposed, and the transmission zero is introduced by etching slots on the middle layer. A frequency selective surface with a controllable transmission zero and polarization selectivity is able to be obtained from tuning the size and locating the direction of the slots. The design procedure based on the equivalent circuit model is presented. The dual-band FSS is analyzed, fabricated, and measured for a demonstration. The results show that the FSS has two passbands which exhibit outstanding performance of high selectivity, angular stability, and wide out-of-band rejection. Compared with the multilayered dual-band FSSs proposed in previous works, the proposed FSS with a controllable transmission zero has the advantage of low profile and miniaturization. It shows excellent comprehensive performance and application prospect.
